Purpose: Phytosanitary irradiation treatment can effectively control regulated pests while maintaining produce quality. The objective of this study was to establish the best irradiation treatment for mangosteen, a popular tropical fruit, using a Monte Carlo simulation. Methods: Magnetic resonance image (MRI) data were used to generate a 3-D geometry to simulate dose distributions in a mangosteen using a radiation transport code (MCNP5). Microsoft Excel with visual basic application (VBA) was used to divide the image data into seed, flesh, and rind. Radiation energies used for the simulation were 10 MeV (high-energy) and 1.35 MeV (low-energy) for the electron beam, 5 MeV for X-rays, and 1.25 MeV for gamma rays from Co-60. Results: At 5 MeV X-rays and 1.25 MeV gamma rays, all areas (seeds, flesh, and rind) were irradiated ranging from 0.3 ~ 0.7 kGy. The average doses decreased as the number of fruit increased. For a 10 MeV electron beam, the dose distribution was biased: the dose for the rind where the electrons entered was 0.45 ± 0.03 kGy and the other side was 0.24 ± 0.10 kGy. Use of an electron kinetic energy absorber improved the dose distribution in mangosteens. For the 1.35 MeV electron beam, the dose was shown only in the rind on the irradiated side; no significant dose was found in the flesh or seeds. One rotation of the fruit while in front of the beam improved the dose distribution around the entire rind. Conclusion: These results are invaluable for determining the ideal irradiation conditions for phytosanitary irradiation treatment of tropical fruit.
Introduction
Mangosteen is a tropical fruit that is mainly grown in Southeast Asia. The fruit is spherical and its diameter is about 5 cm. The edible flesh is composed of 4 to 8 segments contained in an 8 to 10 mm thick rind. The production volume of mangosteen is increasing and it is now being processed into value-added products such as jam, candy, and wine. In addition, the fruit pericarp (rind) can be used as an anti-bacterial agent and for curing diarrhea (Diczbalis, 2011) . Thailand, the world's largest producer of mangosteen, grows approximately 46,000 metric tons (MT) annually (Osman, 2006) . Good quarantine processes save economic and social resources. The losses caused by plant pests and diseases is anywhere from 20 to 40 percent of global crop yields (FAO, 2012) . There are a few methods of phytosanitary treatment used commercially: hot water treatment, cold treatment, irradiation, fumigation, and hot air treatment. For the hot water treatment, mango is immersed into hot water at 46°C for 65 to 110 minutes to get rid of fruit flies (Mitcham and Yahia, 2008) . The problem with this treatment is the loss of quality. A cold treatment requires storing the commodity at a little above freezing temperature for a reasonable period of time (Gould, 1994) . Fumigation uses chemicals in a gas state to penetrate into hole or crack of the outer skin of fruits (Bond, 1984) . Methyl bromide, a toxic chemical, has been widely used in fumigation. Methyl bromide fumigation has been permitted for mangosteen imported to Australia from Thailand or Indonesia. However, deaths and injuries have been associated with use of this material (Anon, 1994) . Hot air treatment involves blowing heated air through stacks of fruit. The air supply is set for specific temperatures, relative humidity, and duration, depending on the commodity and the pests (Hallman and Armstrong, 1994) . Like hot water treatment, hot air treatment causes commodity quality problems. However, irradiation treatment is safe for human and animals, because unlike chemical treatment, it does not leave a residue. Irradiation also achieves its effects without significantly raising the temperature of the food, leaving it closer to its unprocessed state.
Irradiation uses the energy of electron beams, X-rays, and/or gamma rays to break the chemical bonds of organisms like insects or eggs at a reasonable depth of fruit. The main issue with irradiation is to treat the target uniformly in a cost-efficient way. Irradiation treatment is very effective for pest control, compared with other treatment methods. It can be even applied to commodities that are already packed. Currently, irradiation treatment is performed in six countries for quarantine purposes and the annual amount of tropical fruit processed is 19,000 tons (Hallman, 2011) . The mangosteens imported to the USA from Thailand are irradiated with a minimum dose of 400 Gy for phytosanitary purposes (Tunlayadechanont, 2013) .
Commercial irradiation treatment facilities use gamma rays from Cobalt-60, or X-rays or electron beams that are machine generated. The amount of the absorbed energy is called a dose, and the unit is a gray (Gy); one Gy is 1 joule of energy absorbed in 1 kg of substance. Dose uniformity ratio (DUR) is the ratio of the maximum dose to minimum dose over the irradiated target. However, it is not easy to figure out which part of the object gets how much irradiation, because of the dosimeter's geometric limitations. Sometimes fruits are not rigid enough to bear the process of dose measurement. Furthermore, it is almost impossible to obtain whole dose distribution in the sample with the discrete use of dosimeters. Thus, a simulation technique is required to better understand the dose distribution in samples.
The Monte Carlo method is a computational algorithm in which we can obtain numerical results from repeated random sampling. It is mostly used in physics or mathematicsrelated engineering problems (Elishakoff, 2011 (Anderson, 1986) . This Monte Carlo N-Particle Transport Code (MCNP) developed for simulating nuclear processes has had several improvements. The Monte Carlo method also has been used in agriculture: soil mapping (Fisher, 1991) , herbicide application (Matsui et al., 2005) , and microbial risk assessment model (Puerta-Gomez et al., 2013) .
Magnetic resonance imaging (MRI) is a medical imaging technique used to visualize the internal structures of the body in detail. Even though computed tomography (CT) data has been used for radiation simulation for heterogeneous complex-shaped foods (Borsa et al., 2002; Kim et al., 2006b) , MRI can provide better contrast between the soft internal parts of foods, because CT data are strongly dependent on density. Thus, geometric information for accurate dose calculation in a Monte Carlo simulation can be obtained with multi-sliced MRI data. In food research, MRI has been applied for structure measurement (Musse et al., 2014) , moisture and lipid distributions (Chen et al., 2010; Rumsey and McCarthy, 2012) , and phase transitions (Lucas et al., 2005) . However, no literature is available regarding MRI application to phytosanitary irradiation treatment.
The main goal of this study was to obtain the dose distribution in mangosteen using Monte Carlo simulation and MRI data and then establish the proper irradiation treatment for phytosanitary purpose.
Materials and Methods

MRI measurements
Mangosteens in a frozen state were purchased from a local grocery store and stored at -10°C before the experiment. MRI measurements were carried out using a 4.7T BioSpec 47/40 scanner (Bruker, Woodland, TX, USA) installed at the Korea Basic Science Institute (KBSI, Osong, Korea). A multi-slice multi-echo (MSME) sequence was used to acquire images with a 10.0 ms echo time and a 600 ms repetition time (T1-weighted scan, Figure 1 
1(b)
). The field of view (FOV) was 60 mm; 25 images in the vertical plane were acquired, each with a slice thickness of 2 mm. A T1-weighted scan provided appreciable contrast between the components of mangosteen (rind, flesh, and seed). A T2-weighted scan the rind was dark, due to lack of water.
The original MRI data in DICOM (Digital Communications in Medicine) format were converted into text format image files using Image J software (NIH, Bethesda, MD, USA, http://rsb.info.nih.gov/ij/). Those files consisted of a matrix of 256 x 256 pixels for segmentation and indexing.
Image processing with an excel macro
An Excel macro using VBA was used to process MRI data, instead of commercial image processing software, because Excel provides this application and data extracted from the images are easy to create, store, and use.
For the T1-weighted scan, the boundary between rind and air had a distinct intensity level; thus, edge detection technique was used to segment the rind area. Figure 2 shows the intensity level histogram of flesh and seed for a T2-weighted scan. Note that the histogram is clearly bimodal, indicating the presence of the boundary between flesh and seed. Consequently, the seed region was easily isolated from the flesh region by placing a single threshold value (17,000) in the histogram valley. The mangosteen components, segmented and indexed, are shown in Figure 3 , which was processed by a visualization macro. 
Monte Carlo simulation
The MCNP5 (Monte Carlo N-Particle, version 5), one of the most powerful simulation programs for high energy particle transport, along with EGS4 and GEANT4, was used to obtain the dose distribution in mangosteens. Electron Gamma Shower (EGS) (Nelson et al., 1985) and Geometry And Tracking (GEANT) (Agostinelli et al., 2003) are general purpose packages for the Monte Carlo simulation of the coupled transport of electrons and photons in an arbitrary geometry for particles with energies from a few KeV up to several TeV.
Three principle types of radiation sources can be used in food irradiation according to the Codex Alimentarius General Standard (FAO/WHO, 1984): gamma irradiation (1.25 MeV) from 60 Co radionuclides, machine sources of electron beams with energies up to 10 MeV, and machine sources of X-rays with energies up to 5 MeV. Recently, low-energy (1.35 MeV) electron beams were also used for surface irradiation of complex-shaped foods (Kim et al., 2006b ). Thus, The radiation sources in the simulation were 5 MeV X-rays, 1.25 MeV gamma rays, and highenergy (10 MeV) and low-energy (1.35 MeV) electron beams.
The photons (X-rays and gamma rays) used in food irradiation penetrate a substantial thickness of solid material, enabling the treatment of pallet loads of commodities. Penetration by electron beam is much less than by photons and can only be used to treat produce loads of no more than 5-10 cm in depth, such as single layer of fruits or shallow boxes of cut flowers. In the simulation, each source particle was emitted in a plane, distributed evenly, and entered the target perpendicularly.
The repeated structure algorithm was used to construct the voxel of the mangosteen, and the geometry data arrays consisted of 11 x 109 x 109 voxels of 0.20 x 0.05 x 0.05 cm 3 . Among 25 images, eleven slices were selected for actual simulation, considering the computing time. The nutrient values of flesh, seed, and rind were taken from the USDA National Nutrient Database, Ajayi et al. (2007) , and Zadernowski et al. (2009) , respectively. Those data were used to calculate their atomic compositions based on the elemental composition ratio in tissue (ICRP, 1975) . Densities of the components were calculated by using the equation developed by Choi and Okos (1986) . Table 1 shows the atomic composition and density of each component of mangosteen; C, H, O, N represents carbon, hydrogen, oxygen, and nitrogen, respectively. Since the flesh has high moisture content (80.94%), the weight fraction of oxygen is relatively higher.
The pulse height tally (F8) was used for scoring absorbed energy in a voxel. This tally scores the energy (MeV) of a photon or electron as it enters or leaves a cell, which is analogous to a physical detector. A positive energy tally occurs from particles entering a cell and a negative energy tally occurs from particles exiting a cell. The simulation was run on a Windows PC (3.20 GHz CPU, 32.0 GB RAM) with the Cygwin platform. The CPU time was approximately 9 hours or 10 6 histories. Monte Carlo simulation results represent an average of the contributions from many simulation histories. When the statistical uncertainty (relative error) is less than 5%, the simulation result then is reliable (Brown, 2003) . Thus, each simulation history was varied to meet this guideline; there were approximately 10 6 -10 7 histories.
Results and Discussion
Dose distribution in mangosteen with 1.25 MeV gamma rays
Gamma rays from radioactive nuclides ( 60 Co) have been used as a suitable source of ionizing energy for irradiation treatment because of its greater penetrating capability. This radiation is essentially mono-energetic (1.25 MeV); 60 Co emits two photons per disintegration simultaneously, with energies of 1.17 MeV and 1.33 MeV. In this study, the target dose was set to 0.4 kGy, which is the generic radiation dose endorsed by the USDA-APHIS. "Generic" refers to a treatment for a broad group of pests on all commodities. This dose is fully effective with less influence on the quality of most commodities (Hallman, 2011) . Figure 4(a) shows the dose distribution in mangosteen when the gamma rays flow toward the left. In general, gamma rays lose their kinetic energy in large interactions and have no limiting range through matter; thus, the absorbed dose was presented in the whole mangosteen.
In the one-sided irradiation, the portion of the rind under-irradiated (less than 0.3 kGy) was 9.6% of the total rind area. After the treatment, the living pests in that portion would increase their number rapidly, resulting in nullifying the irradiation effect. For the two-sided irradiation, the portion under-irradiated decreased to 8.5% and it was mainly located on the surface area (approximately 1 mm depth) of the rind where the pests are less likely to reside in (Figure 4(b) ). The portion at the rind over irradiated (larger than 0.5 kGy) was decreased from 8.5% at the one-sided irradiation to 2.4% at the two-sided irradiation. However, the dose in the flesh was 0.41 ± 0.04kGy, which would be a concern for preserving the quality of the fruit.
In commercial applications, more than one fruit is exposed to the irradiation sources at a time ( Figure 5(a) ). The average doses of the rind in the first and second mangosteen were 0.40 ± 0.08 kGy and 0.33 ± 0.07 kGy, respectively. It turns out that the average dose decreases as the number of fruit increases ( Figure 5(b) ). Thus, just as for one mangosteen, two-sided irradiation should be applied to improve the dose distribution at multiple mangosteens.
Dose distribution in mangosteen with 5 MeV X-rays
X-rays are generated from electron accelerators. A 5 MeV electron beam (in this case) strikes a converter metal like tantalum (Ta), tungsten (W), or gold (Au), which generates X-rays in a target direction. In contrast to the radionuclide sources, which emit nearly monoenergetic photons, X-rays emit photons with a broad energy spectrum. Since the attenuation of photons is dependent on their energy, we must take into account the entire energy spectrum to calculate accurate dose distribution. The X-ray spectrum used in this simulation is shown in Figure 6 (Kim et al., 2006a) ; the average kinetic energy is 0.76 MeV, which is far less than the input energy (5 MeV). Figure 7 shows the dose distribution result from the simulation. It is similar to the 1.25 MeV gamma ray simulation except it is a little higher at the front half. The dose is distributed over the whole mangosteen and it decreases as the X-rays proceed through the mangosteen (Figure 7(a) ). Since the incident photon energy spectrum was broad, there was a long dose buildup depth: approximately 1.0 cm (Figure 7(b) ). In fact, the buildup depth at 1.25 MeV gamma rays was 0.5 cm (Weiss and Rizzo, 1970) . The dose decrease was also pseudo-exponential since the superposition of a series of exponential curves was not exactly exponential. Thus, in the X-ray irradiation, the lateral dose distribution is more uniform; however, it is less useful in the surface treatment.
Dose distribution in mangosteen with 10 MeV electron beam
Figure 8(a) shows the simulation result of mangosteen at 10 MeV electrons in the westward beam direction. The absorbed dose covered the whole mangosteen; however, the doses at the right half were much higher than the ones at the left half. The high dose region became narrower as the electrons moved from the center to the edge.
The dose distribution in the whole mangosteen was strongly related to the electron's incident angle. When the angle of incidence is greatly increased (away from normal), the electrons scatter more easily as they penetrate. Thus, the dose in the rind at the right half was 0.45 ± 0.03 kGy, whereas the dose in the rind at the left half was 0.24 ± 0.10 kGy (Figure 8(b) ). For the two-side irradiation, the dose in the whole rind was significantly improved (0.34 ± 0.06 kGy) and the dose in the whole flesh (0.34 ± 0.03 kGy) was similar to the one in the rind.
Unlike the photons, which theoretically have no limiting range through matter, electrons have a distinct penetration depth because they interact with one or more electrons of practically every atom they pass. Thus, if we put a kinetic energy absorber (e.g., plastic block) between the electron beam and the mangosteen, we can minimize the radiation effect to the flesh; the plastic block absorbs the incoming energy from the electron beam so the penetration depth is reduced. Figure 9 (a) shows the dose distribution in mangosteen with a 10 MeV electron beam with a 3 cm thickness of Lucite block (Polymethyl methacrylate (PMMA), ρ = 1.18 g/cm 3 ); the electrons that reached the mangosteen surface only penetrated 2.2 cm more (Figure 9(b) ), which was much less than the normal penetration depth (approximately 4.5 cm) for the 10 MeV electron beam. Like the case without the Lucite block, the penetration depth decreased as the electrons moved from the center to the edge due to the scattering of electrons in the Lucite block. This problem can be solved by placing a half cylinder-shaped Lucite, instead of a uniform thickness box-shaped Lucite; at the both edges, the Lucite thickness is very thin so that the penetration depth at the mangosteen increases, and at the center it is vice versa. On the whole, the use of the Lucite absorber at 10 MeV electron beam would be very effective to irradiate a rind uniformly and to preserve the fruit quality. 
Dose distribution in mangosteen with a 1.35 MeV electron beam
The simulation result with the 1.35 MeV electron beam (Figure 10(a) ) had two interesting features. One is that the dose was not shown after passing the rind ( Figure  10(b) ), e.g., in the edible flesh and seed. This is very promising, since the irradiation process with a 1.35 MeV electron beam does not affect the quality of the edible flesh. In fact, the absorbed dose was 52% higher at a 0.23 cm depth from the entrance and then rapidly fell until it went to zero. Its penetration depth was only 0.7 cm. The other is that the effective area of irradiation is biased to the direction of the beam source. The irradiation area was crescent-shaped, i.e., it was wider in the middle and pointed on the ends, and the area having at least 0.1 kGy was only 27% of the whole rind area.
Irradiation from two sides, obtained by turning the product, is often used to improve the dose distribution within the product. Even in two-sided irradiation, the doses and irradiation area at both ends of the mangosteen will be still lower. Therefore, unless the mangosteen rotates in front of the electron beam (Figure 11 ), this low-energy (1.35 MeV) electron beam would not be adequate for phytosanitary irradiation treatment of mangosteen. In general, the electrons in the accelerator emerge into the air from a narrow window, and they are perpendicular to the flow motion of the conveyor. Thus, it is crucial to develop a method for rotating the sample on a conveyor without physical damage.
Conclusions
Because of the difficulty of measuring the dose inside a mangosteen, the only approach is to use a mathematical simulation. The Monte Carlo method is currently the most accurate procedure for dose calculations in electron beam and gamma/X-rays.
The simulation results from the 1.25 MeV gamma rays and 5 MeV X-rays showed similar dose distributions; the absorbed dose was presented on the whole mangosteen. When comparing irradiation treatment of mangosteen with 1.35 MeV to 10 MeV electron beam sources, the treatment with lower energy can more effectively control pests in the rind and preserve the quality than the higher energy treatment, which has a greater penetration depth. Therefore, when using high energy accelerators to treat the shallow region (e.g., rind) of fruits, careful planning is needed, since energy absorbers are required to reduce the entrance electron kinetic energy to the produce. This requires a fundamental understanding of electron beam interaction with the target produce.
The image source used in this study was MRI. Both T1-weighted and T2-weighted images were necessary for each slice to segment each part of the fruit. The tool used to process the image was Microsoft Excel.
Phytosanitary irradiation treatment is a promising quarantine process. Accurate dose calculation is required to establish practical processing facilities. The MR-image based Monte Carlo simulation approach could reduce the uncertainties associated with irradiation treatment; thus, the path is clear to realizing the full potential of irradiation as a phytosanitary treatment.
